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Wound healinge cytoskeleton form an integrated structure that warrants proper mechanical
functioning of cells. We have studied the correlation between structural alterations and migrational
behaviour in ﬁbroblasts with and without A-type lamins. We show that loss of A-type lamins causes loss of
emerin and nesprin-3 from the nuclear envelope, concurring with a disturbance in the connection between
the nucleus and the cytoskeleton in A-type lamin-deﬁcient (lmna −/−) cells. In these cells functional
migration assays during in vitro wound healing revealed a delayed reorientation of the nucleus and the
microtubule-organizing center during migration, as well as a loss of nuclear oscillatory rotation. These
observations in ﬁbroblasts isolated from lmna knockout mice were conﬁrmed in a 3T3 cell line with stable
reduction of lmna expression due to RNAi approach. Our results indicate that A-type lamins play a key role in
maintaining directional movement governed by the cytoskeleton, and that the loss of these karyoskeletal
proteins has important consequences for functioning of the cell as a mechanical entity.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionThe nuclear lamina is a network of type-V intermediate ﬁlaments
located at the inner nuclear membrane of eukaryotic cells, with the
major protein constituents comprising A- and B-type lamins. Lamins
play an important role in maintaining the structural integrity of the
cell, by forming a complex network in the nucleus and by
the formation of a bridge between the nucleus and the cellular mem-
brane via the cytoskeleton [1]. Lamins have also been suggested to
modulate gene expression during e.g. cell differentiation [2,3] and
mechanotransduction [4].
The lamin A/C gene (LMNA in humans and lmna in mice) encodes
for at least four different splice variants i.e. lamin A, lamin AΔ10, lamin
C and lamin C2 (for a recent review see [5]). Several proteins, located in
the outer and inner nuclear membrane, mediate the linkage of the
nuclear membrane and lamina to the different cytoskeletal compo-
nents. Most nesprin isoforms are associated with the outer nuclear
membrane and are linked to the nuclear lamina through SUN-proteins,
which are located in the perinuclear space, forming a complex called
linker of nucleoskeleton and cytoskeleton (LINC) [6]. In cells lacking A-
type lamins (lmna −/− cells) aberrations in the organization of the
cytoskeleton can be found which indicate that the link between the
cytoskeleton and the nucleus is A-type lamin-dependent [7]. The1 433884151.
.nl (F. Houben),
l rights reserved.absence of A-type lamins has a severe impact on the mechanical
properties of the nucleus and the cell as a whole, which becomes
apparent upon mechanical compression [8], and mechanical stretch
[7,9]. While upon compression nuclei of normal ﬁbroblasts deform
anisotropically, nuclei of lmna −/− ﬁbroblasts deform isotropically,
indicating a disturbed nucleo-cytoskeletal interaction [7,9]. This is
supported by theﬁnding that disconnecting thewild type (wt) nucleus
from themechanical tension of the cytoskeleton scaffold results also in
isotropic nuclear deformation as in the lmna −/− cells [9].
Since an intact cytoskeleton organization is critical for cell
migration we now examined whether or not the disturbed nucleo-
cytoskeletal interaction in lmna −/− cells interferes with the in vitro
migratory behaviour of ﬁbroblasts in wound healing experiments. To
this end we compared wt ﬁbroblasts with lamin A/C knockout and
lamin A/C knockdown ﬁbroblasts. Normally, during this process the
cytoskeleton is reorganized to establish spatial polarity and to form
membrane protrusions facing the direction of migration [10]. Actin
rearrangements are essential for cellular migration and are shown to
be mediated by Rho GTPases [11]. When cells are activated to migrate,
the membrane at the leading edge shows rufﬂing withmicroﬁlaments
containing lamellipodia and ﬁlopodia [11]. Microﬁlaments are linked
to lamins through the LINC-complex, composed of nesprin-1 and -2
and SUN-proteins [6,12–17].
Next to the microﬁlaments also microtubules are essential in the
process of wound healing [10], as they are selectively stabilized near
the leading edge [18–20], allowing the formation of membrane
protrusions at this side of the cell [21,22]. During the migration
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of the nucleus and the reorientation of the microtubule organizing
centre (MTOC) [23,24]. In C. elegans microtubules and the nuclear
lamina interconnect through the UNC-83 SUN family protein [25–28],
while the Hook family protein ZYG-12 links the nucleus to the MTOC
[29,30]. InDrosophila theMTOC and themicrotubules are linked to the
nuclear lamina through the nesprin-like Klarsicht protein [31].
Although so far no vertebrate homologues of these proteins have
been described, the data from C. elegans and Drosophila suggest a tight
binding of the MTOC and the microtubules to the nucleus via lamins
(for a review see [32]). Wilhelmsen et al. [33] hypothesized that also
nesprin-3 may link microtubules to the vertebrate nucleus.
While the structure of both microﬁlaments and microtubules
shows abnormalities in lmna −/− cells, even more pronounced
abnormalities have been described for the intermediate ﬁlament
organization [7,34] [9]. Intermediateﬁlaments are linked to the nuclear
envelope via plectin and the recently discovered nesprin-3 [35].
During cell migration intermediate ﬁlaments play an essential role in
interactions through (hemi-)desmosomes between adjacent epithelial
cells andwith the extracellularmatrix [36]. Therefore, abnormalities in
the structure of intermediate ﬁlaments, due to the absence of A-type
lamins, could lead to a disturbance in cellular dynamics.
Through their effects on cytoskeletal ﬁlament organization lamin-
mutations even appear to affect the organization of cell mem-
brane-associated proteins. For example, in transgenic mice with a
lmna-N195K mutation, a mislocalization of connexin-43 was detected
in cardiac tissue [37], which could explain the conduction defects
found in laminopathies [5].
It is thus conceivable that changes in the nuclear lamina have
consequences for structural protein functioning throughout thewhole
cell. In the present study we show that the absence of A-type lamins
indeed affects the functional organization of the cytoskeleton, leading
to defects in nuclear and MTOC reorientation, resulting in an
uncoordinated response to wounding.
2. Materials and methods
2.1. Cell cultures
Wild type (wt) and A-type lamin-deﬁcient (lmna −/−) mouse
embryonic ﬁbroblasts (MEFs) were kind gifts from B. Burke (Depart-
ment of Anatomy and Cell Biology, University of Florida, Florida, USA)
and C.L. Stewart (Laboratory of Cancer and Developmental Biology,
National Cancer Institute, Maryland, USA) [38]. 3T3 cells (CCL-92)
were obtained from the American Type Culture Collection.
Cells were cultured in Dulbecco's modiﬁed Eagle's medium
(DMEM) (Gibco Life Technologies Ltd., Paisley, UK) containing 10%
fetal calf serum (FCS, HyClone Laboratories, Logan, Utah, USA), 1 mM
L-glutamine and 0.1% gentamycin (Eurovet, Bladel, the Netherlands) at
37 °C in a humidiﬁed 5% CO2 incubator. Cells were passaged by
splitting at 1:3 to 1:5 ratios using a 0.125% trypsin (Invitrogen Life
Technologies, Breda, The Netherlands)/0.02 M EDTA/0.02% glucose
solution in phosphate buffered saline (pH7.4, PBS).
2.2. RNA interference
Stable shRNA-based knockdown of lamin A/C was performed in
3T3 ﬁbroblasts, using a lentiviral construct. Based on the successful






Using the Gateway cloning system (Invitrogen) the annealed
oligonucleotides were ligated into the pENTR™/H1/TO vector (Invitro-gen). Next, the H1/TO RNAi cassette was transferred into the pLenti4/
BLOCK-iT™-DEST vector (Invitrogen) using a LR recombination
reaction according to the vendor's instructions. The correct incorpora-
tion of the H1/TO lmna RNAi cassette was veriﬁed by sequencing. 3T3
cells were transfected using Lipofectamin-2000 (Invitrogen), and
zeocin (Invitrogen, 150 μg/ml) was used to select the transfected
cells. To obtain a stable reduction of A-type lamin expression cellswere
subcloned by limited dilution and single cell colonies with variable
A-type lamin expressionwere selected. Two different clones, one with
a partial knockdown (pkd) and the other with an almost complete
knockdown (kd) of lamin A/C, were used for our experiments.
2.3. Immunoﬂuorescence microscopy
MEF and 3T3 cells grown on glass coverslips were either ﬁxed for
10 minwith methanol (−20 °C), or for 15 minwith 3.7% formaldehyde
in PBS at room temperature followed by permeabilization for 15 min
with 0.1% Triton X-100 (BDH, Poole, UK) in PBS. Primary antibodies,
diluted in PBS containing 3% bovine serum albumin (BSA) (Roche
Diagnostics, Mannheim, Germany), were applied during 60 min. The
following antibodies were used:
• Lamin A mouse monoclonal antibody 133A2 (IgG3, 1:100, MUbio
Products B.V., Maastricht, The Netherlands).
• Lamin C rabbit polyclonal antibody RalC (1:20, MUbio Products
B.V., Maastricht, The Netherlands).
• Lamin B1 rabbit polyclonal antibody LB1 (1:200; a kind gift from
J.C. Courvalin, INSERM, Paris, France).
• Lamin A, AΔ10 and C mouse monoclonal antibody X-67 (IgG1,
1:250, a kind gift from G. Krohne,Würzburg, Germany).
• Emerinmousemonoclonal antibody NCL–emerin (IgG1, dilution 1:
60; Novocastra, Newcastle upon Tyne, UK).
• β-actin mouse monoclonal antibody AC-15 (IgG1, 1:1500, Sigma-
Aldrich, St. Louis, Missouri, USA).
• β-tubulin mouse monoclonal antibody E7 (IgG1, 1:25, Develop-
mental Studies Hybridoma Bank, Iowa City, Iowa, USA).
• γ-tubulin mouse monoclonal antibody GTU-88 (IgG1, 1:3000,
Sigma-Aldrich) for MTOC staining.
• Vimentin mouse monoclonal antibody BV-1118 (IgM, 1:10, was a
kind gift from C. Viebahn, University of Göttingen, Göttingen,
Germany).
• Nesprin-3 rabbit polyclonal antibody (1:100, a kind gift from A.
Sonnenberg, Netherlands Cancer Institute, Amsterdam, the
Netherlands).
• SERCA2 ATPase monoclonal mouse antibody IID8 (IgG1, 1:100,
Afﬁnity BioReagents, Golden, Colorado, USA).
After washing with PBS (3×5 min), secondary antibodies were
applied during 60 min at room temperature. Secondary antibodies
used were FITC-conjugated rabbit anti-mouse Ig (1:50, DAKO,
Glostrup, Denmark), FITC-conjugated goat anti-rabbit Ig (1:50, SBA/
ITK Birmingham, AL, USA), FITC-conjugated swine anti-rabbit Ig (1:50,
DAKO), Texas Red-conjugated rabbit anti-mouse Ig (SBA/ITK) and
Texas Red conjugated goat anti-rabbit Ig (1:50, SBA/ITK). For double
labelling, we used the appropriate combination of primary and
secondary antibodies labelled with FITC and Texas Red, or a
combination of immunolabelling and Texas Red-conjugated Phalloi-
din (dilution 1:100; Molecular Probes, Leiden, The Netherlands) for
the detection of actin stress ﬁbers.
After another series of washing steps, cells were mounted in 90%
glycerol, containing 20 mM Tris–HCl pH 8.0, 0.2% NaN3, and 2% 1,4-
di-azobicyclo-(2,2,2)-octane (DABCO; Merck, Darmstadt, Germany)
and 0.1 mg/ml RNAse (Serva, Heidelberg, Germany). Nuclei were
counterstained using diamidino-2-phenylindole (0.5 μg/ml DAPI;
Sigma-Aldrich) or propidium iodide (0.5 μg/ml PI; Molecular Probes)
in mounting medium. Cells were visualized using a BioRad MRC600
confocal laser scanning ﬂuorescence microscope (BioRad Laboratories
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deconvoluted using Huygens System image restoration software
(Huygens 2.5.1a-64, Scientiﬁc Volume Imaging B.V., Hilversum, the
Netherlands).
2.4. Flow cytometry
Flow cytometry was performed as described previously [40]. In
brief, for each cell line equal amounts of methanol ﬁxed cells were
incubated in suspensionwith the lamin A antibody 133A2, followed by
rabbit anti-mouse Ig-FITC and analyzedusing a FACSortﬂowcytometer
and Cellquest analysis software (Becton Dickinson, Sunnyvale, CA).
2.5. Western blotting
Samples from cell lines were lysed with RIPA-buffer (30 mM Tris–
HCL, 50 mM NaCl, 1% NP40, 0.05% sodium deoxycholate, 0,1% sodium
dodecyl sulfate (SDS) on ice for 30 min. Sample buffer (62.5 mM Tris–
HCL, 10% glycerol, 2.3% SDS, 5% β-mercaptoethanol, 0.05% bromophe-
nol blue) was added to the sample (1:1).
The sample was sonicated using a Soniprep 150 sonicator (MSE
Scientiﬁc Instruments, Crowley, UK) for 4 times 5 s. After boiling and
centrifugation, the samples were used for gel electrophoresis (1 h at
200 V) in 10% SDS polyacrylamide gels using a Mini-Protean II system
(BioRad Laboratories Ltd., Hemel Hempstead, UK) and blotted onto
nitrocellulose sheets (Protran BA85, Schleicher and Schuell Bioscience,
Dassel, Germany) for 1 h at 100 V (transfer buffer: 25mMTris,190mM
glycine, 20% v/v methanol, 0.02% SDS).
Immunochemical detectionwas performed as described [41] using
the X-67 antibody against lamin A and C, peroxidase-conjugated rabbit
anti-mouse Ig secondary antibody (DAKO, Glostrup, Denmark) and an
enhanced chemiluminescence western blotting detection kit (ECL,
Amersham, UK). X-67 was used instead of the 133A2 antibody against
lamin A because the latter antibody does perform well on immuno-
ﬂuorescence but poorly in western blotting of mouse proteins.
Immunoblots were quantitatively analyzed using ImageJ software
version 1.37v, U. S. National Institutes of Health, Bethesda, Maryland,
USA, http://rsb.info.nih.gov/ij/, 1997–2007). Immunoblot X-ray ﬁlms
were scanned with a Canoscan 9900F scanner (Canon) and, after
calibration with a Kodak no. 3 photographic step tablet (Eastman
Kodak Company, Rochester, New York, USA), integrated optical density
(IOD) values for all peaks were calculated. Actin signal was used for
the correction of the amount of protein loaded onto the gels.
2.6. Nucleo-cytoskeletal extractions
Wt MEFs and lmna −/− MEFs were trypsinized, resuspended in
DMEM containing 10% FCS and centrifuged at 300× g. To study the
nuclear interaction of actin and vimentin, cells were extracted for
15minwith ice-cold isotonic buffer (0.5% Triton X-100, 3% BSA in PBS).
Extractionwas stopped by adding 9 volumes of PBS containing 3% BSA
and a protease-inhibitor mix (Complete Mini EDTA-free, Roche Diag-
nostics) during 10 min at room temperature. After centrifugation at
300× g and resuspension in DMEM containing 10% FCS, the nuclei
were centrifuged onto glass slides at 500 rpm during 5 min using a
Cytospin-3 centrifuge (Shandon, Zeist, The Netherlands). Cells were
air-dried for 30min, ﬁxed for 10min usingmethanol (−20 °C) for actin
and vimentin detection, or 3.7% formaldehyde in PBS at room
temperature for the lamin B staining. Alternatively, in order to
prevent tubulin polymer degradation, cells were extracted at room
temperature with isotonic buffer and immediately ﬁxed for 15 min
using a 3.7% formaldehyde solution in PBS. Fixed cells were centri-
fuged at 300× g, resuspended in DMEM containing 10% FCS and
cytospinned as described above. Cells were air-dried for 1 h,
immunostained for β-tubulin. Cell preparations were visualized
using confocal laser scanning ﬂuorescence microscopy.2.7. Quantiﬁcations of immunoﬂuorescence labelling
For the quantiﬁcations of the nesprin-3 staining we used the
following categories:
1. Strong nesprin-3 staining in the nuclear envelope: cells with a
homogeneous staining at the nuclear envelope stronger than the
staining of the cytoplasm (representative cell in Fig. 4C).
2. Cytoplasmic staining: a stronger staining of the cytoplasm than the
staining of the nuclear envelope (representative cell in Fig. 4D).
3. Distinct loss of staining in part of the nuclear envelope (repre-
sentative cell in Fig. 4E).
Actin, tubulin and vimentin association to nuclei of the extracted
cells was evaluated in a semi-quantitative manner and classiﬁed into
the following three categories:
1. A homogeneous perinuclear staining with cytoskeletal elements
attached to more than 90% of nuclear rim;
2. A heterogeneous perinuclear staining of cytoskeletal elements
attached from 20 to 90% of nuclear surface;
3. Bald nuclei, with cytoskeletal elements attached to less than 20% of
nuclear surface.
For each sample, two independent observers evaluated 5 different
microscopic view ﬁelds inwhich in each area 100 cells were randomly
selected.
2.8. Wound healing assay
MEF and 3T3 cells were trypsinized and seeded onto glass
coverslips. When a conﬂuent monolayer of cells was reached the
monolayer was wounded by scratching with a glass needle with a
diameter of 0.6 mm. Live cell recording during wound healing was
initiated immediately after scratching. Cells were visualized using an
inverted automated microscope (Leica DMRBE, Mannheim, Germany)
equipped with a black and white CCD-camera (CA4742-95, Hama-
matsu, Bridgewater, NJ, USA). Image acquisition was achieved using
Openlab software (Improvision, Lexington, MA, USA). Microscopic
differential interference contrast (DIC) images were generated every
30 s for up to 8 h. During the vital imaging experiments, the cells were
kept at 37 °C and 5% CO2.
2.9. Image analysis of DIC recordings
Independent time-lapse recordings from wound healing experi-
ments in wt and lmna −/−MEF cell cultures (5 recordings each) and in
wt and lamin A/C knockdown 3T3 cell cultures (4 recordings each)
were analyzed for nuclear reorientation and oscillatory rotations. 129
wt MEFs, 117 lmna −/− MEFs, 83 wt 3T3 cells, 70 intermediate and 60
strong lamin A/C knockdown 3T3 cells in the two front layers of the
wound edge cells were examined and scored. The maximal nuclear
rotation was calculated based on the alterations of the initial
orientation of nucleoli towards the wound edge. For the calculations,
we did not incorporate data from nuclei that did not rotate (rotation of
0°). In addition, for selected cells the nuclear rotation was tracked
using a particle tracking plug-in (MTrackJ, Erik Meijering, Biomedical
Imaging Group Rotterdam, the Netherlands) and ImageJ software. A
line connecting two nucleoli per cell was used to calculate the angular
displacement (degrees) of the rotating nucleus in time.
2.10. Reorientation of the MTOC
The MTOC localization was determined by staining the cells for
γ-tubulin at 0, 5, 10, 15, 30 and 60 min (MEF) or at 0, 1, 2, 3, 4 or 5 h
(3T3) after wounding. For determination of the MTOC orientation for
each cell a line parallel to thewound edgewas drawn andMTOCswere
scored to have a positive reorientation when localized at the side of
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cells were analyzed by two independent observers in at least four
different areas of the wounded edge.
2.11. Statistical analysis
All calculations are expressed as mean±standard error, and
statistical comparisons for the rotation analysis are based on Student's
t-tests.3. Results
In this study we have used two different cell systems to examine
the effects of the loss of A-type lamin expression on cell behaviour.
First, we have produced a set of stable 3T3 sublines with a constant
level of reduction of A-type lamin expression obtained by means of
RNAi, followed by single cell colony selection. Secondly, we have used
MEFs derived from lamin knockout mice [38], and compared these
with their wt counterparts.
3.1. Stable A-type lamin knockdown in 3T3 cells
Subcloning of cells transfected with the A-type lamin RNAi vector
has resulted in the generation of 3T3 cell sublines with a stable
reduction of A-type lamin expression as determined by immunocy-
tochemistry. At passage 15 after subcloning the reduction of A-type
lamin expressionwas virtually identical to the knockdown level of the
original clones at passage 1 (data not shown). Here we describe our
ﬁndings with one clone with a partial knockdown of lmna (pkd) and a
second clone with an almost complete knockdown of A-type lamin
expression (kd).
The morphology of the 3T3 cells was altered after knockdown of
A-type lamin. The wt cells are more spindle-shaped and less tightly
connected to each other as compared to the knockdown cells as can be
seen in DIC images of the wt, pkd and 3T3 kd cells (Fig. 1A–C). Also kd
cells grow considerably more ﬂattened compared to wt 3T3 cells,
resulting in a prominent increase in nuclear diameter. In addition, the
number of abnormally elongated or otherwise deformed nuclei was
considerably higher in kd cultures as compared to wt cells, similar to
previous lamin kd studies [39].
Immunoﬂuorescence labelling of cells demonstrated a prominent
reduction of A-type lamin expression (Fig. 1D–F). Strikingly, even
within these clones derived from a single cell, a considerable
heterogeneity in lamin A/C expression can be still observed. In many
cells the level of reduction of A-type lamin expression was, however,
sufﬁcient to induce the loss of emerin from the nuclear envelope
(Fig. 1G–K). While the pkd cells showed only a few cells with complete
nuclear emerin loss (Fig. 1H, arrow), the kd clone showed an almost
complete loss of emerin from the nuclei in nearly all cells (Fig. 1I). A
direct correlation between the reduction of lamin A expression and
the loss of emerin from the nuclear envelope could be demonstrated
at the single cell level by means of double-label immunoﬂuorescence
(Fig. 1J and K).
Quantitative examination of lamin A expression in individual
cells by ﬂow cytometry (Fig. 1L) revealed that the 3T3 A-type lamin
kd clone has a tenfold decrease of median lamin A expression level
with a large variety in expression levels between cells (113 arbitrary
units (A.U.) for wt 3T3 versus 10 A.U. for 3T3 kd, with on average
a 6-fold reduction (149±366 A.U. for wt 3T3 and 24±221 A.U. for
3T3 kd).Fig. 1. Effects of A-type lamin RNAi treatment on 3T3 cells. (A–C) DIC images showing
differences in cell morphology between wt 3T3 cells (A) and cells with partial
knockdown (pkd, B) or almost total lamin A/C knockdown (kd, C). The latter cells are
less spindle-shaped, have larger, more ﬂattened nuclei, and are more tightly associated
with each other than the wt cells. (D–K) Immunoﬂuorescence detection using the lamin
A antibody 133A2 (D–F, J, K) and the emerin antibody (G–I, J', K') in wt 3T3 cells (D, G, J),
pkd cells (E, H) and kd cells (F, I, K). Lamin A ﬂuorescent cells are counterstained with
propidium iodide (D', E', F'). Note the prominent loss of lamin A in many pkd and most
kd cells. In these clones also emerin is lost in some (H, arrow), or most nuclei (I). Double
immunoﬂuorescence of lamin (J, K) and emerin (J', K') shows the relocation of emerin to
the endoplasmic reticulum in cells with low levels of lamin A expression in the kd clone
(compare J, J' with K, K'). (L) Flow cytometric detection revealed an average 6-fold and
median 10-fold decrease of lamin A expression in 3T3 knockdown cells using antibody
133A2. (M) Western blot analysis using the lamin A/C antibody X-67, demonstrating a
reduction of lamin A in the 3T3 pkd clone to 7.8% and lamin C in the pkd clone to 8.2% of
the original amount of wt 3T3, while in the 3T3 kd lamin C expressionwas barely visible
(0.8% of the amount found in wt 3T3) and lamin A expression was not detectable. Actin
was used to verify the protein amounts loaded onto the gel. Scale bars represent 10 μm.
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(Fig. 1M). Quantitative analysis showed a prominent reduction of
both lamin A and C expression in the RNAi treated lines using the X-67
antibody. Compared to wt 3T3 cells (100%), the relative amount of
lamin expressionwas 7.8% for lamin A and 8.2% for lamin C in 3T3 pkd
cells, while the 3T3 kd clone showed a reduction of lamin C expression
to 0.8% of the wt value. At this exposure lamin A expression was not
detectable in the kd clone. Prolonged exposure of the X-ray ﬁlm did
reveal a weak lamin A band (data not shown).
3.2. Changes in linkage of the cytoskeleton to the nucleus
When comparing lmna −/− to wt MEFs we conﬁrmed that the
absence of lamin A/C was associated with aberrations in the structureFig. 2. Loss of cytoskeleton organization due to the loss of A-type lamins. Wild type (A–D) and
structures in green: actin (A, E), vimentin (B, F), tubulin (C, G) or the MTOC (D, H). In lmna −/−
organization of the actin cytoskeleton around the nucleus is seen (A). In the lmna −/− MEF
Phalloidin-Texas-Red revealed a speckled distribution of actin around the lmna −/− nucleus (
wt MEFs (B). In wt MEFs microtubules branch from the MTOC to the cellular periphery and w
more loosely arranged around the nucleus (G). In lmna −/−MEFs (H) the average distance of
lamin kd (J) 3T3 cells were double labelled for lamin A (green) and with Phalloidin-Texas Red
3T3 kd cells. Scale bars represent 10 μm.of the different cytoskeletal ﬁlaments (Fig. 2). In lmna −/− cells actin
immunoﬂuorescence revealed a prominent reduction of stress ﬁbers
in the perinuclear region, often with a speckled distribution of actin
around the nucleus, which suggests actin depolymerization in these
areas (compare Fig. 2A and E). Geodesic dome-like organizations of
stress ﬁbers were occasionally observed surrounding the nucleus of
wt cells, but not in lmna −/− cells (not shown). Vimentin labelling
revealed gross structural alterations of cytoplasmic intermediate
ﬁlaments in lmna −/− cells. These were often unequally distributed
throughout the cell with a strong prevalence for clustering on one side
of the nucleus, andwith a prominent lack of ﬁbers in other areas of the
cell (compare Fig. 2B with F). In addition, lmna −/− cells showed often
clustering or absence of vimentin ﬁlaments in particular regions of the
cytoplasm. Tubulin labelling showed less prominent differenceslmna −/− (E–H)MEFs immunocytochemically stained for lamin C in red and cytoskeletal
MEF cells, a yellow dashed line outlines the nuclear border. InwtMEFs awell-structured
s, the actin cytoskeleton is locally detached from the nucleus (E). F-actin labelling by
insert in E). Vimentin organization is highly irregular in lmna −/−MEFs (F), compared to
rap closely around the nucleus (C), while in lmna −/−MEFs the microtubules are much
the MTOC to the nucleus was 1.9× larger (arrows) than in wt cells (D). Wt (I) and A-type
(red). Note again the absence of F-actin ﬁbers in areas surrounding the nucleus in lamin
Fig. 3. Analysis of cytoskeletal retainment in extracted nuclei. Isolated nuclei of wt (A, C,
D, E) and lmna −/− (B, D, F, H) MEFs were stained by immunoﬂuorescence for actin (A, B),
vimentin (C, D), tubulin (E, F) and lamin B (G, H) in green. Propidium iodide (red) was
used to counterstain nuclei. The actin cytoskeletal ﬁlaments were less dense and
showed more detachment from the isolated nuclei of lmna −/− MEFs (B) compared to
the nuclei of wt MEFs (A). Lmna −/−MEF nuclei showed large regions of the nucleus that
were not surrounded by vimentin (D), in contrast to the distribution in wt cells (C). The
staining pattern of tubulin in both wt (E) and lmna −/−MEFs (F) after isotonic extraction
demonstrated smaller differences between the two cell types. Staining with lamin B (G,
H) clearly indicated that the nuclei of both cell types remained largely intact after the
extraction procedure. Quantiﬁcations of actin, vimentin and tubulin association to the
nucleus after detergent extraction are shown in (I). All scale bars are 10 μm.
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cells with an uneven distribution of tubulin ﬁbers throughout the cell,
and decreased concentrations of microtubules in large parts of these
cells (compare Fig. 2C and G). Compared to the lmna −/−MEF cells, the
3T3 lamin A/C knockdown cells showed a milder disturbance of
distribution and organization of the different cytoskeletal elements,
except for actin. While wt 3T3 showed a normal actin pattern (Fig. 2I),
the 3T3 kd cells revealed alterations of the cellular distribution of actin
similar to lmna −/−MEFs (compare Fig. 2J to E). Areas surrounding the
nucleus were devoid of actin ﬁbers, and nuclei showed a prominent
eccentric localization. Distribution of the vimentin and tubulin
networks did not show noticeable structural aberrations in the 3T3
A-type lamin kd cells (data not shown).
The average distance of the MTOC to the nucleus was found to be
almost doubled in lmna −/− MEF cells (3.3±0.19 μm, n=120) as
compared to wt MEFs (1.72±0.12 μm, n=120; Fig. 1D, H). Also in the
RNAi treated 3T3 cells a larger distance of the MTOC to the nucleus
was observed when compared to wt cells. The average distance of the
MTOC to the nucleus in 3T3 A-type lamin kd cells was 2.01±0.20 μm,
whereas in wt 3T3 cells the average distance was 0.86±0.07 μm.
Double immunoﬂuorescence showed that there was no correlation
between the distance of the MTOC to the nucleus and localized
disturbances in the nuclear lamina (data not shown).
The effects of the absence of A-type lamins on the association of
the cytoskeletal ﬁlaments with the nucleus were conﬁrmed in cellular
extraction studies in MEF cells. In wt MEFs actin ﬁlaments remained
closely associated with most of the nuclei after isotonic extraction
(Fig. 3A). In contrast, the actin ﬁlaments that remained attached to the
nuclei of extracted lmna −/− MEFs (Fig. 3B) showed an uneven
distribution at the nuclear periphery, and were often completely
absent in large areas of the nuclear surface.
Quantiﬁcation of the staining patterns of actin after isotonic
extraction (Table 1, Fig. 3I) showed that 77±1% of the wt nuclei exhibit
a homogeneous staining of actin around the nuclei, compared to 50
±2% of the lmna −/− nuclei. 19±1% of the wt nuclei showed partial
absence of actin ﬁbers at the nuclear surface, compared to 37±2% of
the lmna −/− nuclei. Only 4±1% of the wt nuclei showed massive
absence of actin staining, or no perinuclear staining at all (bald nuclei),
while 13±1% of the lmna −/− nuclei showed this pattern.
Similar results were obtained for vimentin, with a uniform
distribution around the nuclei of extracted wt MEFs (Fig. 3C), and
the absence of vimentin at large regions of the lmna −/− nuclei
(Fig. 3D). 75±2% of the wt nuclei were identiﬁed with a uniform
perinuclear vimentin staining, compared to 44±2% of the lmna −/−
nuclei. 22±1% of the wt nuclei showed a partial loss of perinuclear
vimentin, compared to 49±2% of the lmna −/− nuclei. Only 2±1% of the
wt nuclei showed a massive absence in vimentin staining, or no
staining at all (bald nuclei), while 7±1% of the lmna −/− nuclei showed
this pattern.
Compared to the differences found in actin and vimentin between
both cell types, the differences for tubulin were less obvious (Fig.
3E, F). Quantiﬁcation of the staining patterns of tubulin after isotonic
extraction resulted in 55±3% of the wt nuclei with a homogeneous
staining of tubulin around the nuclei, compared to 48±4% of the
lmna −/− nuclei. 35±3% of the wt nuclei showed a partial absence of
microtubules at the nuclear surface, compared to 43±2% of the
lmna −/− nuclei. 10±1% of the wt nuclei showed a massive absence of
tubulin staining, or no perinuclear staining at all (bald nuclei), while
9±2% of the lmna −/− nuclei showed this pattern.
Staining with lamin B after nuclear extraction demonstrated
that the nuclei of both cell types remained largely intact (Fig. 3G, H).
3.3. Redistribution of nesprin-3 in the absence of lamin A/C
Triggered by the disorganization of the cytoskeletal components
around the nucleus, we performed a detailed study on the localization
Table 1
Quantitative analysis of cytoskeletal retainment to extracted nuclei of MEFs
Homogeneous staining Heterogeneous staining Bald nuclei
Actin Lmna +/+ 77±1% 19±1% 4±1%
Lmna −/− 50±2% 37±2% 13±1%
Vimentin Lmna +/+ 75±2% 22±1% 2±1%
Lmna −/− 44±2% 49±2% 7±1%
Tubulin Lmna +/+ 55±3% 35±3% 10±1%
Lmna −/− 48±4% 43±2% 9±2%
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nearly all wt MEFs and 3T3 cells show a prominent labelling of the
nuclear rim (Fig. 4A, H), most lmna −/−MEFs and 3T3 A-type lamin kd
cells showed a relocalization of nesprin-3 out of the nuclear envelope
(Fig. 4B, I), which partially colocalizes with SERCA2, a −marker for the
endoplasmic reticulum (Fig. 4H', I').
Quantitatively, 71±3% of the wt MEFs demonstrated a strong
nesprin-3 staining in the nuclear envelope, while 29±3% demon-
strated more staining in the cytoplasm. In the lmna −/− cells, 47±8% of
the cells showed a strong staining of nesprin-3 in the nuclear
envelope, 34±8% showed only a cytoplasmic staining and 19±5%
showed a distinct localization at one side of the nucleus only.
Co-staining of nesprin-3 and vimentin demonstrated that
nesprin-3 was tightly associated to the nuclear envelope in most of
the wt MEFs (Fig. 4C), with the vimentin structure in these cells
showing a dense layer directly around the nucleus (Fig. 4C'). In the
lmna −/− cells we observed remaining nesprin-3 staining in distinct
regions of the nuclear envelope next to a staining of nesprin-3 in the
cytoplasm (Fig. 4D, E). In the regions of these cells where the nuclear
membrane was devoid of nesprin-3 also the association of vimentin
intermediate ﬁlaments to the nucleus was seriously affected (Fig. 4D'
and E').
Similar results were found for the 3T3 kd cell labelling with
nesprin-3. While all wt 3T3 cells show a prominent labelling of the
nuclear rim (Fig. 4F), 75±1% of the 3T3 pkd cells showed a strong
staining of the nuclear envelope (not shown), 22±1% showed a more
perinuclear staining and 3±1% showed localized aberrations at one
side of the nucleus. Of the 3T3 kd clone with almost no lamin A/C
expression (Fig. 4G), 61±1% of the cells showed still a strong nesprin-3
staining of the nuclear envelope, 37±1% showed a cytoplasmic
staining and 2±0% showed distinct localized aberrations at one side
of the nucleus. Quantiﬁcation of the staining patterns of nesprin-3 is
summarized in Table 2.
3.4. Loss of nuclear reorientation and oscillations in A-type lamin
deﬁcient cells during cellular migration in the in vitro wound
healing assay
We have investigated changes in themigratory behaviour of thewt
and A-type lamin deﬁcient cells in response to the wounding of
conﬂuent monolayers by time-lapse recordings. In addition, the
organization of cytoskeletal elements was studied after ﬁxation at
given time points during wound healing by immunoﬂuorescence
labelling. We found that both wt and lmna −/−MEF cells at the wound
edge moved into the wounded area. On average, wound closure by
lmna −/−MEFs was faster (3 h) than by wt MEFs (5 h). Wound healing
experiments with both wt 3T3 and 3T3 kd cells showed that both cellFig. 4. Disorganization of nesprin-3 in lmna −/−MEFs and 3T3 kd cells. Wt (A, C) and lmna −/−
immunolabelling of nesprin-3 inwtMEFs shows a brightly stained nuclear envelope (A, C) wh
In the lmna −/− MEFs two patterns of nesprin-3 localization are observed, i.e. a cytoplasm
cytoplasmic staining in other cells (E). Vimentin labelling shows that the structure of viment
nesprin-3 staining (D'). In cells with partial nesprin-3 nuclear labelling, vimentin structur
nesprin-3 immunoﬂuorescence in wt 3T3 (F) and A-type lamin kd (G) 3T3 cells showed a pa
ﬂuorescence only partially colocalizes with the endoplasmic reticulum in 3T3 kd cells as can
bars are 10 μm.lines exhibited impaired wound healing behaviour. Wound closure
was much slower than the MEFs (N8 h) and incomplete in both 3T3
lines. Movement of cells appeared to be more or less random, with
cells moving in and out of the wounded area. Closer examination of
cell culture behaviour revealed that both lines partly lack contact
inhibition, a phenomenon often seen in 3T3 cells, which are
repeatedly grown to conﬂuency. Yet, comparison of the cellular and
nuclear dynamics of these cells revealed prominent differences (see
below).
During the initial phase of migration towards the wound edge the
nuclei of wt MEFs reoriented actively (Fig. 5A). While 60±3% of the wt
MEFs demonstrated this active initial nuclear repositioning within
30 min after wounding, only 7±1% of the lmna −/− MEFs showed the
same behaviour (p=0.00002) (Fig. 5A, movies 1 and 2, Supplementary
Material). The differences in this initial nuclear rotation of wt versus
lmna −/− cells became very apparent when the ﬁbroblasts suddenly
repolarized towards the wound edge. In the wt cells the nucleus
rotated prior to a change in the direction of migration (Fig. 5F, movie 3
of the Supplementary Material), while the nuclei of the lmna −/− cells
passively followed changes in migrational direction (see movie 2,
Supplementary Material).
In the second phase of the wound healing process, wt MEFs, but not
the lmna −/−MEFs, showed typical nuclear oscillatory rotations during
cellular migration. Tracking of representative wt and lmna −/− cells
illustrates the differences in oscillatory behaviour (Fig. 5B, the complete
time lapse recordings are supplied as Supplementary Material, see
movies 1 and 2). While 66±3% of the wt MEFs demonstrated these
nuclear oscillations during cellularmigration, only 9±1%of the lmna −/−
MEFs showed this behaviour (p=0.000001) (Fig. 5B).
While wt 3T3 cells are characterized by excessive nuclear rotation,
both in the beginning of migration (67±2%) as during the migration
(59±4%), the reorientation (20±8%) (p=0.0073) and oscillatory
rotation (17±1%) (p=0.00036) of nuclei in the 3T3 lamin A/C kd
clone were strongly reduced, while in the pkd cells an intermediate
nuclear reorientation (51±4%) (p= 0.022) and oscillatory behaviour
(40±1%) (p=0.013) was observed (for two representative examples
see Fig. 5C, full recordings can be seen in Supplementary Material,
movies 4 and 5).
Calculations of the net rotation angle of cells in time revealed that
most lmna −/−MEFs showed a gradual drift of their nuclear orientation
during migration, while wt MEFs retained their nuclear orientation.
(Fig. 5D, compare also movies 1 and 3 to movie 2, Supplementary
Material). The same holds true for the comparison betweenwt and the
3T3 kd cells (Fig. 5E, Supplementary Material movies 4 and 5).
We observed that during the wound healing process the nuclei of
both wt 3T3 and wt MEFs had a larger maximal rotation then the
lamin A/C deﬁcient cells. Wt 3T3 cells showed a maximal rotation of
298±42°, compared to 133±17° in 3T3 pkd cells and 60±10° in 3T3
kd cells. Wt MEFs showed a maximal rotation of 95±5°, compared to
56±6° in lmna −/− MEFs.
3.5. MTOC reorientation during migration in the in vitro wound
healing assay
The reorientation of the nucleus could be conﬁrmed by immuno-
ﬂuorescent labelling of theMTOC at given time points after wounding,
showing reorientation towards the wound edge (Fig. 6). ImmediatelyMEFs (B, D–E) were analysed for nesprin-3 (A–E) and vimentin (C'–E') localization. The
ile the vimentin cytoskeleton that connects to nesprin-3 is associated to the nucleus (C').
ic staining in some cells (D) and a partial labelling of the nuclear envelope next to a
in around the nucleus in lmna −/−MEFs is unevenly disturbed in cells with cytoplasmic
es are only disturbed at the location of the nesprin-3 aberrations (E'). Comparison of
rtial loss of nesprin-3 from the nuclear envelope in the absence of lamin A/C. Nesprin-3
be concluded from double immunoﬂuorescence of nesprin-3 and SERCA2 (H–I). All scale
319F. Houben et al. / Biochimica et Biophysica Acta 1793 (2009) 312–324after induction of the wound MTOCs were randomly located around
the nuclei, i.e. 50% of the MTOCs were oriented towards the wound
edge in both cell types. Examination of MTOC reorientation atdifferent time points after wounding revealed a maximal MTOC
reorientation in the wt MEFs within 30 min (Fig. 6A, B), while the
MTOC in the lmna −/− MEFs responded slower, with a maximal
Table 2






at one side of the nucleus
Lmna +/+ MEFs 71±3% 29±3% 0±0%
Lmna −/− MEFs 47±8% 34±8% 19±5%
Wt 3T3 100±0% 0±0% 0±0%
3T3 pkd 75±1% 22±1% 3±1%
3T3 kd 61±1% 37±1% 2±1%
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As predicted by the excessive nuclear rotation of 3T3 cells, and the
lack of directional movement of these cells, only a modest MTOC
reorientation was observed, with percentages of cells oriented
towards the wound edge ranging from 50–60% in all stages after
wounding. The 3T3 kd cell line showed similar results (data not
shown).
4. Discussion
The absence of A-type lamins affects the organization and function
of the different elements of the nucleo-cytoskeletal scaffold. Espe-
cially, nuclear attachment of microﬁlaments, microtubules and
intermediate ﬁlaments is disturbed, and nuclear membrane asso-
ciated proteins dislocate to the endoplasmic reticulum. Here we show,
that both in lmna −/− cells and in lmna kd cells these structural
abnormalities are associated with disturbances in nuclearmotility and
cellular migration during in vitro wound healing.
4.1. Nucleo-cytoskeletal changes in A-type lamin deﬁcient cells
It has been shown that in lmna −/− cells the integration of emerin
into the nuclear membrane is disturbed and that this protein
relocates to the endoplasmic reticulum [38,42]. The impact of A-
type lamin knockdown on structural alterations was conﬁrmed by
emerin localization in the 3T3 cells which were stably transfected
with an A-type lamin RNAi vector. Next to emerin, A-type lamins
mediate the binding of nesprin-1, -2 and -3 to the nuclear membrane
[13–15,35,43], but it remains unclear whether lamins bind nesprins
directly or via other binding proteins. At the cytoplasmic side of the
nuclear membrane the nesprin proteins are linked to the cytoskeletal
ﬁlaments, with nesprin-1 and -2 linking to actin ﬁlaments [13], while
nesprin-3 binds to intermediate ﬁlaments via plectin [35]. In C.
elegans a link of the tubulin network and the MTOC to the nucleus is
mediated by UNC-83 and Zyg-12, respectively [25–28], but the
mammalian homologues of these proteins have so far not been
identiﬁed. Our results show a loss of nesprin-3 in the nuclear
envelope of both the lmna −/− MEFs and the 3T3 kd cells. Ketema et
al. [44] showed a comparable partial relocalization of nesprin-3 to the
endoplasmic reticulum after knockdown of SUN1 and 2, the linkerFig. 5. Nuclear reorientation and oscillatory rotation during cellular migration. Wt MEFs (A, u
during cellular migrationwhile lmna −/−MEFs (A, lower panels) do not change their nuclear o
denoted by a straight arrow. A curved dashed arrow denotes the rotation of the nucleus. Stra
of 25–30 cells in at least 4 different experiments revealed that 60±3% of wt MEFs (n=129) de
lmna −/−MEFs (n=117) showed this behaviour. During migration, wt MEFs (B, upper panels) s
absent in lmna −/− MEFs (B, lower panels). Quantitative analysis (B') of recordings of 25–
demonstrated oscillatory rotation of the nucleus during cellular migration, while only 9±1%
demonstrate a direct coupling of the amount of lamins and the presence of nuclear oscillator
and 59±4% of these cells showed nuclear oscillatory rotation, while only 20±8% of the 3T3
these cells showed nuclear oscillatory rotation. The quantitative analysis of the wt 3T3 (n=83
MEF (D) and 3T3 cells (E) during the ongoing migration was plotted in time. The wt nucleus
nucleus (D, E: blue line) shows no abrupt rotations back and forth. Regression analysis (strai
rotation of the nucleus towards the direction of migration can also be observed in wt MEF
(direction denoted by straight arrow). All scale bars are 10 μm. Single asterisks denote pb0.05
movies of A, B, C and F are supplied as Supplementary Material.proteins that connect lamin A/C to nesprin-3 [35,44], but no obvious
relocalization of nesprin-3 after a transient knockdown of lamin A/C.
In both our stable knockdown models a direct correlation exists
between the levels of lamin A/C expression and the relocalization of
nesprin-3 at the individual cell level, and it seems therefore likely
that cells need to go through several cell division cycles before the
effects of the loss of lamins become apparent. The relocalization of
nesprin-3, emerin and possibly also other LINC proteins leads to
a partial disconnection of the different cytoskeletal elements from the
nucleus. Especially, local nuclear aberrations of nesprin-3 in lmna −/−
cells correlate directly with distinct changes in the vimentin
intermediate ﬁlament organization in connected regions of the
cytoplasm.
The reduction of actin stress ﬁbers and the absence of perinuclear
actin ﬁbers, the unequal distribution of tubulin throughout the cell
and the abnormal perinuclear vimentin organization, in particular in
areas where nesprins are absent in lmna −/− cells, predict that the
absence of A-type lamins has a major effect on the structural integrity
of the nucleo-skeletal connections. Therefore we have examined the
integrity of this connection by detergent extractions of these cells. We
found indeed a diminished and disorganized attachment of cytoske-
letal components to lmna −/− nuclei, in particular for microﬁlaments
and intermediate ﬁlaments, as compared to wt nuclei.
Additional evidence that the coupling of the cytoskeleton to the
nucleus is disturbed in lamin A/C deﬁcient cells comes from previous
mechanical compression studies [7]. Nuclei of wt cells deform in
anisotropic fashion upon compression of intact cells, and isotropically
after detergent extraction. In contrast, the nuclei of lmna −/− cells
already deform isotropically without extraction, indicating that these
nuclei are detached from the tension that is exerted upon them by the
cytoskeleton [9]. When ﬁndings in lmna −/− MEFs are compared to
those of lamin A/C 3T3 kd cells, comparable changes in MTOC distance
to the nucleus are found. In both systems the distance between the
nucleus and the MTOC is almost doubled in the absence of A-type
lamins. It is therefore obvious that downregulation of A-type lamins
affects the cytoskeletal organization.
4.2. Disturbed reorientation of the nucleus and the MTOC
We anticipated that the observed structural changes in the
nucleo-cytoskeletal scaffold affect normal mechanical functioning of
the cell. It has already been shown that lmna −/− cells are more
vulnerable thanwt cells when subjected to external mechanical stress
[4,7].
We tested the functionality of the lmna −/− MEF and 3T3 kd cells
in the in vitro wound healing assay. In this assay several basic aspects
of cellular behaviour can be examined simultaneously, including
cellular stress response, polarization, reorientation and migration
[45]. The conﬂuent monolayers of wt MEFs typically reacted to
wounding by cell polarization towards the wound edge in the ﬁrst
phase, followed by the formation of membrane protrusions and thepper panels) exhibit an initial rotation of the nucleus towards the direction of migration
rientation at the beginning of the migration. In panel A the direction of cell migration is
ight lines indicate the orientation of the nucleus. Quantitative analysis (A') of recordings
monstrated active repositioning of the nucleus prior to cellular migration, only 7±1% of
how a typical oscillatory rotation (rotation of the nucleus back and forth) of the nucleus,
30 cells in at least 4 different experiments showed that 66±3% of wt MEFs (n = 129)
of lmna −/− MEFs (n=117) showed this behaviour. The knockdown models in 3T3 cells
y rotation. 67±2% of wt 3T3 cells (C, upper panels) demonstrated initial nuclear rotation
lamin A/C kd cells (C, lower panels) demonstrated initial nuclear rotation and 17±1% of
), pkd (n=71) and kd cells (n=60) is shown in C'. The angular rotation of representative
(D, E: red line) shows abrupt rotation-angle changes (oscillations), while the lmna −/−
ght lines) shows the net rotation. Lmna −/− nuclei show a larger net rotation (drift). The
cells (F) when the cells changes its direction of migration at later stages of migration
(Student's t-test). Double asterisks denote pb0.01 (Student's t-test). The corresponding
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Fig. 6.MTOC reorientation during cell migration. (A) Plot of percentage of cells with nuclear orientation towards wound edge versus time after wounding. At the time of wounding,
the MTOC in both lmna −/− and wt MEFs are randomly organized around the nucleus, seen as 50% of the cells with correct MTOC orientation. In wt MEFs the MTOC reorganizes
towards the wound edge within 30 min, while lmna −/− cells need 60 min to show a maximal reorientation. Note differences in correct reorientation between wt (B) and lmna −/−
cells (C) 30 min after wounding. 150 cells of either cell type at every time point were measured. Scale bars represent 50 μm.
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wound area with simultaneous induction of mitosis. This response
requires a concerted action of all cytoskeletal components. While
elongation and migration of cells is associated with the formation of
membrane rufﬂes, ﬁlopodia and lamellipodia, the direction of
motion is partly controlled by (re)orientation of the nucleus and
the MTOC [23]. Lmna −/− MEFs only partly showed this response.
Upon wounding a prominent migration of these cells was seen,
indicating that the affected cytoskeletal components, including
actin–myosin interactions, were at least partially functioning. It
has been described [23] that nuclear movement is driven by actin
retrograde ﬂow and that this process is myosin II dependent. This
process is determined by the structural link between the nucleus
and the (actin) cytoskeleton. Since this structural link is absent/
aberrant in lmna −/− cells, it indeed seems likely that the direct
effect of this uncoupling of actin from the nucleus is more
important than possible actin–myosin abnormalities. Since the
mobility of the lmna −/− cells is not affected, this indicates that
this part of the actin–myosin mechanism is still largely intact. As
documented previously [23,24,46–48], we observe that wt MEFs
rotate their nucleus, including the MTOC, towards the wound edge
prior to repolarization and movement in the migrational direction
[49]. In contrast, lmna −/− cells were found to have delayed MTOC
reorientation during the initiation of migration into the wound.
These ﬁndings are partially in accordance to those of Lee et al. [8],
but these authors describe a complete lack of MTOC reorientation
up to 3 h after wounding, while our study shows that the
reorientation does take place in most cells within 60 min after
wounding. We hypothesize that the lack of an initial MTOCreorientation response in lmna −/− cells may be a consequence of
the loss of a direct link of lamins with the nucleus via Hook-like
proteins [29,30] or nesprins [33] to the MTOC, which is supported
by the increase in distance of the MTOC to the nucleus in lamin
depleted cells [8]. Similar observations on the MTOC distance to the
nucleus were made in an emerin knockdown model [50]. The
indirect connection of the MTOC to the nucleus via microtubules
[29,30] then causes its delayed reorientation.
In this phase of the wound healing process, after the cell has
determined the direction of migration, small oscillatory rotations of
the nucleus as observed in the wt MEFs are needed to constantly
correct the orientation of the nucleus towards the wound edge. In
contrast, such correctional rotations are absent in the majority of
lmna −/− MEFs, resulting in a drift of the nuclear orientation after
prolonged migration. Again, the disturbed direct link of the MTOC to
the nucleus and the diminished interactions with cytoskeletal
ﬁlaments may explain the absence of these small oscillatory move-
ments of the nucleus.
The necessity of A-type lamins for a correct nuclear behaviour
during wound healing becomes even more evident in the 3T3 cells
with variable levels of A-type lamin knockdown. A direct correlation
between the amount of lamin A/C present in the cells and the
occurrence and extent of nuclear rotations was seen in this system.
Cells with the lowest levels of A-type lamins showed the lowest
degree of nuclear reorientation.
All in all, these results indicate that nuclear reorientation and the
resulting inﬂuence on the cytoskeleton through interactions between
the cytoplasmic scaffold and A-type lamins play a critical role in the
coordination of cell migration.
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